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Abstract: RNA interference (RNAi) is an evolutionarily conserved, endogenous process 
for post-transcriptional regulation of gene expression. Although RNAi therapeutics have 
recently progressed through the pipeline toward clinical trials, the application of these as 
ideal, clinical therapeutics requires the development of safe and effective delivery systems. 
Inspired by the immense progress with nanotechnology in drug delivery, efforts have been 
dedicated to the development of nanoparticle-based RNAi delivery systems. For example, 
a precisely engineered, multifunctional nanocarrier with combined passive and active 
targeting capabilities may address the delivery challenges for the widespread use of RNAi 
as a therapy. Therefore, in this review, we introduce the major hurdles in achieving 
efficient RNAi delivery and discuss the current advances in applying nanotechnology- 
based delivery systems to overcome the delivery hurdles of RNAi therapeutics. In 
particular, some representative examples of nanoparticle-based delivery formulations for 
targeted RNAi therapeutics are highlighted. 

Keywords: small interfering (si)RNA; non-viral vector; multifunctional nanoparticle; 
targeting delivery; passive and active targeting 
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1. Introduction 

RNA interference (RNAi) is a cellular mechanism for gene silencing in a sequence-specific manner. 
RNAi was first observed in plants, later in the worm Caenorhabditis elegans, and subsequently in a 
wide variety of eukaryotic organisms, including mammals [1-3]. This process has been demonstrated 
elegantly in the laboratory to silence certain genes in vivo and has contributed significantly to modern 
scientific and biomedical research [4]. The notion that RNAi could lead to a new class of therapeutics 
caught the attention of many investigators after its discovery, with the launching of clinical trials for 
approximately twenty small interfering RNAs (siRNA, a class of double-stranded RNAs of 20-25 base 
pairs in length that triggers RNAi) or short hairpin RNA (shRNA)-based therapeutics for a variety of 
human diseases [5,6]. Such RNAi-based therapeutics include siRNA therapeutics for the treatment of 
age-related macular degeneration (AMD), diabetic macular edema (DME), and respiratory syncytial 
virus (RSV) (Table 1). Despite the obvious promise, there are several extracellular and intracellular 
challenges that currently limit the broad use of RNAi in the clinic. For example, Opko Health 
(previous Acuity Pharmaceuticals) terminated the Phase III trial of bevasiranib for the treatment of 
AMD in early 2009 because of its poor efficacy in reducing vision loss [7]. Allergan discontinued the 
Phase II trials of siRNA AGN-745 targeting vascular endothelial growth factor (VEGF) because of a 
substantial off-target effect [8,9]. 

Despite these setbacks, some important lessons have been learned from previous trials. Several key 
hurdles in RNAi delivery must be surmounted in order to realize the clinical translation of RNAi-based 
therapeutics [10,11]. Investigators in academia and biotech/pharmaceutical industry have made 
intensive efforts to understand the molecular mechanism of RNAi and develop more advanced RNAi 
delivery formulations. Currently, viral vectors are one of the major vehicles in gene therapy; however, 
concerns of potent immunogenicity, insertional mutagenesis and biohazards of viral vectors may 
present a variety of potential problems to the patient. Non-viral methods could offer certain advantages 
over viral methods and various innovative non-viral vectors have been vigorously developed to 
provide a safer and more efficient delivery system. 

In particular, the advent of versatile nanotechnology platforms are triggering the development of 
multifunctional delivery formulations for targeted RNAi therapeutics [12-14]. A variety of natural and 
synthetic nanocarriers (Figure 1 and Table 1), including liposomes, micelles, exosomes, synthetic 
organic polymers (e.g., polyethylenimine, dendrimer, cyclodextrin), and inorganic materials (e.g., 
carbon nanotubes, quantum dots, gold nanoparticles) have been developed for siRNA delivery and 
some of them have entered clinical evaluation [15]. The current review will discuss the major barriers 
in achieving efficient and safe RNAi delivery and will focus particularly on recent advances in non- 
viral nanoparticle-based RNAi delivery system. 
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Table 1. Non-viral delivered siRNAs in the clinical pipeline. 



Drug name 


Disease 


Target 


Carrier 


Phase 


Company 


Status (Clinicaltrials.gov identifier) 


Local Delivery 


Bevasiranib 


AMD 


VEG 


Naked siRNA 


III 


Opko Health Inc. 


Terminated (NCT00499590) 


AGN-2 11745 


AMD 


VEGF 


Naked siRNA 


II 


Allergan/Sirna 


Terminated (NCT00363714) 


Sirna027 










therapeutics 




PF655 


Wet AMD and DME 


RTP801 


Naked siRNA 


II 


Quark Pharmaceuticals 


Ongoing for DME (NCT01445899); Completed 
for AMD (NCT00713518) 


QPI1007 


Non-arteritic ischemic optic 
neuropathy 


Caspase 2 


Naked siRNA 


I 




Ongoing (NCTO 1064505) 


TD101 


Pachyonychia congenita 


Keratin 6a 
(K6a)N171K 


Naked siRNA 


lb 


TransDerm 


Completed (NCT00716014) 


RXI109 


Dermal scarring 


Connective 
tissue growth 
factor 


Self-delivering RNAi 
compound (sd- 
RxRNA®) 


I 


RXi Pharmaceuticals 


Initiate in 2012 


SYL040012 


Ocular Hypertension 


ADRB2 


Naked siRNA 


II 


Sylentis 


Ongoing (NCTO 1227291) 


SYL1001 


Dye eye, ocular pain 


TRPV1 


Naked siRNA 


I 




Ongoing (NCT01438281) 


Excellair 


Asthma 


Syk kinase 


Naked siRNA 


II 


ZaBeCor 


Ongoing 


ALN-RSV01 


RSV infection 


RSV 

Nucleocapsid 
"N" gene 


Naked siRNA 


II 


Alnylam Pharmaceuticals 


Ongoing (NCTO 1065935) 


siG12D LODER 


Pancreatic cancer 


KRASG12D 


LODER polymer 


I 


Silenseed 


Ongoing (NCTO 1188785) 



Systemic delivery 



ALN-TTR 


Transthyretin 


mediated 


TTR 


Lipid nanoparticles, 


I 


Alnylam Pharmaceuticals 


Ongoing (NCTO 1 148953, 


ALN-TTR0 1 ; 




amyloidosis 






MC3 lipid 






NCTO 1559077, ALN-TTR02) 
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Table 1. Cont. 



ALN-PCS 


Hypercholesterolemia 


PCSK9 


Lipid nanoparticles, 
MC3 lipid 


1 




Ongoing (NCT01437059) 


A T "NT "\ / O n 

ALN-VSP 


Liver cancer 


KSP and 
VEGF 


T * * J ~L ' 1 

Lipid nanoparticles 






Ongoing (NCT01 158079) 


TKM-PLK1 


Advanced sold tumor 


T"»T I / 1 

PLK1 


Lipid nanoparticles 




Tekmira Pharmaceuticals 


Ongoing (NCTO 1262235) 


KM-Ebola 


Zaire Ebola or other 
hemorrhagic fever viruses 
infection 


RNA 

polymerase L 
protein 


T ' * J , * 1 

Lipid nanoparticles, 
SNALP 






Ongoing (NCTO 1 5 1 8 8 8 1 ) 


TKM-ApoB 
(PRO-040201) 


Hypercholesterolemia 


ApoB 


Lipid 
nanoparticles 






Terminated (NCT00927459) 


Atu027 


Advanced Solid tumor 


PKN3 


Lipid nanoparticles 
AtuPLEX® 




Silence Therapeutics 


Ongoing (NCT00938574) 


QPI-1002 
(I5NP) 


Delayed Graft Function 
and Acute Kidney Injury 


p53 


AtuRNAi chemically 
modified siRNA 


II for 
Delayed 
Graft 
Function 
I for 
acute 
kidney 
injury 


Silence 

Therapeutics/Quark 
Pharmaceuticals/ Novartis 
Pharmaceuticals 


Ongoing (NCT00802347) 


CALAA-01 


Solid tumors 


RRM2 


Cyclodextrin, PEG 
and Transferrin 


I 


Calando Pharmaceuticals 


Ongoing (NCT00689065) 
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2. Barriers in Systemic RNAi Delivery 

2.1. Local Delivery vs. Systemic Delivery 

Direct delivery of siRNAs into the cells can be achieved by local administration with eye drops, 
nasal spray, electronic nebulizer, or endoscopic ultrasound, thereby facilitating a more applicable and 
noninvasive approach for external or readily accessible diseased organs or tissues {e.g., eye, lung, 
skin). 

Figure 1. The mechanism and delivery strategies for RNA interference. RNAi therapeutics 
(e.g., siRNA) can be internalized into the cell via different delivery vehicles. Exogenously 
introduced long dsRNA are processed into -21 nt siRNA duplex by the Dicer/TRBP 
complex. Subsequently, siRNA duplexes associate with the Ago proteins and are loaded 
into the RISC where the passenger (sense) strand is removed and the guide (antisense) 
strand remains to target mRNA for silencing. The resulting mature RISC complex silences 
gene expression by cleavage of the mRNA and subsequent degradation, functionally 
inhibiting the translation of the message. 



Dendrimer nanoparticle 




Initial clinical trials have used intravitreal injection of naked siRNAs into the retina for the 
treatment of AMD and DME [16]. Other local delivery methods for siRNAs include intranasal route 
for pulmonary delivery and direct injection into the central nervous system [17-19]. Compared with 
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systemic administration, local administration of siRNA encounters fewer cellular barriers and 
pharmacokinetic concerns [5]. However, many important disease target sites, such as liver and spleen, 
are neither locally confined nor readily accessible and they can only be reached by systemic 
administration of siRNAs into the circulatory system [10]. It is therefore imperative to develop safe 
and efficient systemic RNAi delivery system, particularly for metastatic and malignant cancers, blood 
diseases and viral infections. 

As a typical nucleic acid molecule, siRNA is hydrophilic, sensitive to nuclease degradation, 
negatively charged, and relatively small. Therefore, these intrinsic physicochemical properties make 
siRNA extremely poor as an active pharmaceutical ingredient and hence pose serious challenges for 
successful efficacious siRNA delivery, particularly for systemic administration. 

2.2. Renal Clearance 

The size of an siRNA drug is a principal determinant for biodistribution and bioavailability in vivo, 
as naked siRNA with the average diameter less than 10 nm is rapidly excreted from the blood 
compartment through renal clearance. When siRNA enters the blood stream by systemic 
administration, a proper delivery formulation or chemical modification is necessary to increase the 
retention time of the siRNAs in the circulatory system. Before reaching the target cells, formulated 
siRNA particles pass through the blood vessel endothelial wall and reach the target organs such as 
liver, kidney and lymphoid organs [20,21]. Typically, when siRNAs are administered systemically, the 
amounts of free siRNAs in the kidney are 40-fold greater than in other organs with a circulating half- 
time lasting only minutes [22]. 

2.3. Vascular Extravasation and Diffusion 

After reaching the target tissue, the siRNA drug has to be extravasated from the blood stream into 
the extracellular matrix [23]. The tumor vasculature has an unique feature of increased leakiness [24]. 
For example, abnormalities in the tumor vasculature lead to a highly heterogeneous vascular perfusion 
throughout the tumor, probably facilitating delivery of therapeutics to this region. Typically, 
macromolecules and nanocarriers (e.g., liposomes, nanoparticles) with sizes below 400 nm in diameter 
can extravasate and accumulate in the "leaky" vasculature of tumor tissue more effectively than in 
normal tissues via passive leakage, thereby increasing the concentration of drugs in tumors and 
enhancing the therapeutic index [25,26]. This passive extravasation is termed tumor-selective 
enhanced permeation and retention (EPR) effect [27,28]. Currently, by taking an advantage of the EPR 
effect, various nanomaterials for in vitro or in vivo siRNA delivery have been designed and engineered 
[15]. Many of the nanoparticles are about 100 nm in diameter and exhibit enhanced accumulation 
around the leaky regions of the tumor vasculature. 

Passive diffusion of macromolecules and nanoparticles in the extracellular matrix (ECM) is critical 
for drug delivery in tumor tissues [29]. Due to the hyperpermeability of the abnormal vasculature and 
the lack of functional lymphatics, the interstitial fluid pressure (IFP) is elevated in tumor tissue, which 
reduces convective transport across the vessel wall and into the interstitial space [30]. Therefore, the 
movement of nanoparticles to the poorly perfused regions of tumors depends primarily on diffusion 
[29]. Passive targeting requires particles with large diameters, but this simultaneously hinders 



Pharmaceuticals 2013, 6 



91 



penetration into the dense collagen matrix of the interstitial space, thereby restricting accumulation of 
nanoparticles around tumor blood vessels and resulting in less penetration into the tumor parenchyma 
[31,32]. In this regard, a nanocarrier should be precisely engineered to achieve favorable surface 
properties and controllable size. For example, Wong et al. proposed a multistage nanoparticle delivery 
system in which nanoparticle is able to change its size to facilitate transport by adapting to each 
physiological barrier [33]. In this system, the original nanoparticle is 100 nm in diameter, which 
preferentially extravasates from the leaky regions of the tumor vasculature. After extravasation into 
tumor tissue, the nanoparticle shrinks to 10 nm, significantly lowering the diffusional hindrance in the 
interstitial matrix and allowing penetration into the tumor parenchyma. 

Because of the low specificity of the EPR-mediated delivery and unpredictable interstitial delivery 
in different tumors where pore sizes vary greatly, passive targeting may be insufficient for efficient 
targeting. Therefore, active targeting strategy can significantly facilitate the entry of siRNA drugs into 
the tumor cells from the extracellular space [34,35]. Decorating siRNAs with active targeting ligands, 
such as antibodies, peptides, aptamers and small molecules, allows accumulation of siRNAs in the 
targeted tissue and promotes the cell-specific binding and uptake via receptor-mediated endocytosis. 
For example, Calando Pharmaceuticals designed a polymer based nanoparticle coated with human 
transferrin, which can specifically bind to transferrin receptor expressed on tumor cells for the 
treatment of metastatic melanoma [36,37]. 

2.4. Cellular Uptake and Endosomal Escape 

Cellular internalization of non-viral, synthetic vectors involves an endocytosis pathway, which can 
be divided into four different subtypes, 1) clathrin-mediated endocytosis; 2) caveolae-mediated 
endocytosis; 3) clathrin- and caveolae-independent endocytosis; and 4) phagocytosis and macropino- 
cytosis [38^10]. Targeting ligands that recognize specific antigens on the surface of target cells could 
enhance intracellular uptake by binding to cell surface receptors. Following cellular uptake, the 
endocytic vesicles generated by the nanocarrier-siRNA system travel along microtubes and 
subsequently fuse with early endosomes. Later on, they mature into late endosomes (pH 5-6) and 
finally enter into lysosomes, which are the last compartment of the endocytic pathway [41]. The 
lysosomes are further acidified (pH -4.5) and contain various nucleases. Hence, it is not surprising that 
a large portion of the siRNAs will be hydrolyzed after a long journey to reach target mRNAs. For 
efficient gene silencing, siRNA has to escape from the endosomes before it is subjected to degradation 
in the lysosomal compartments. Endosomal escape is thought to be a major barrier for efficient siRNA 
delivery [42]. In this regard, different nanocarriers have been developed to improve the endosomal 
escape of siRNAs into the cytoplasm. For example, many cationic polymers (e.g., PEI or dendrimer) 
have a strong buffering capacity over a range of pH between 5 and 7 that can mediate efficient siRNA 
delivery in various cell lines and animal models. In this case, the acidic lysosomal environment can 
result in protonation of amine groups in the PEI or dendrimer, thereby causing osmotic swelling and 
finally vacuole disruption accompanied by endosomal release of the polymer and its siRNA cargo 
[43,44]. Collectively, this phenomenon is termed the "proton-sponge" effect. Some pH-sensitive 
lipoplexes or polyplexes have been developed for efficient endosomal escape and intracellular 
trafficking of the siRNAs [11]. 
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Additionally, siRNA delivery can be improved considerably by the use of endosome-disruption 
agents such as chloroquine (CQ) [45], Ca [46], sucrose [47], and photosensitizers [48] (photo- 
chemical internalization (PCI) treatment). Such endosome-disruption treatments can facilitate the 
escape of siRNAs from endosomal compartments. Recently, some photosensitizing carriers were also 
employed for photoinduced RNAi activity [49,50]. For example, CLIP-RNAi (CPP-linked RBP- 
mediated RNA internalization and photo-induced RNAi) was developed as a photoinducible RNAi 
method using photosensitizing carrier molecules [51-53]. This system consists of a cell-penetrating 
peptide (CPP), RNA-binding protein (RBP) and a fluorescent dye as a photosensitizer. Most recently, 
Braun et al. described a new approach using a combination of laser-dependent desorption of thiolated 
siRNAs from gold nanoparticles (AuNPs) and siRNA/AuNP release from endosomes [54]. Their 
results demonstrated temporally and spatially controlled gene silencing in vitro through the AuNP- 
activated release of siRNAs using a pulsed near-infrared (NIR) laser. 

2.5. Cytoplasmic Location and RISC Loading of siRNAs 

Once siRNAs are released into cytoplasm, one of the strands (guide) of siRNAs is loaded into 
RISC, which contains different argonaute (Ago) family proteins [55-57]. Once loaded into an Ago 
protein, the guide stand of the siRNA identifies a complementary target mRNA sequence for the 
sequence-specific degradation (Figure 1), while the other strand (passenger) of siRNA is either 
rejected and/or degraded [58]. It has been demonstrated that RISC is concentrated in specific 
cytoplasmic locations rather than randomly distributed in the cytoplasm [59-61]. Additionally, Ago2, 
which is capable of catalyzing mRNA degradation, is localized in cytoplasmic processing bodies (P- 
bodies), where the mRNA is deadenylated and destroyed [62,63]. In the current nanocarrier delivery 
system, siRNAs are released into cytoplasm seemingly at no particular location. Further mechanistic 
studies about the intercellular fate of siRNA, such as RISC loading, Dicer processing, half-life of 
siRNA and strand selectivity are necessary to increase the delivery efficiency of siRNAs. 

3. Nanotechnology-Based RNAi Delivery 

Over the past decade, the emergence of nanotechnology has proven to have a significant impact on 
drug delivery. A nanotechnology approach to drug delivery focuses on developing nanoscale particles 
(1-1,000 nm) to deliver drugs to a specific site, extend their bioavailability, improve their 
biodistribution, reduce their immunogenicity and toxicity and improve their efficacy [64-66]. Several 
nanocarriers have been successfully formulated to engineer anti-cancer chemotherapeutics, including 
paclitaxel, doxorubicin and dexamethasone that are available on the market [65]. In the following 
section, we overview the recent advances in nanotechnology development for siRNA delivery 
(Figure 1). 

3.1. Liposome-Based Nanoparticles 

Liposomes are probably the most extensively studied materials for drug delivery [67]. Several 
liposomes have proven safe and efficient for delivering small molecule drugs in patients. For instance, 
doxorubicin liposomal (Doxil; Orthobiotech) has received FDA approval for treatment of HIV-related 
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Kaposi's sarcoma, breast cancer, ovarian cancer, and other solid tumors [68]. Liposomal amphotericin 
B (Ambisome; Gilead) is an approved antibiotic for the treatment of serious fungal infections [69]. For 
nucleic acid delivery, many of the lipid-based delivery vehicles self-assemble with siRNAs through 
electrostatic interactions with charged amines, generating multimellar lipoplexes with positively 
charged lipids and negatively charged siRNAs [70]. Currently, various lipid compositions, including 
Lipofectamine 2000 (Life Technologies), Oligofectamine (Life Technologies) and TransIT-2020 
(Minis Bio), have been used routinely in the laboratory to transfect nucleic acids into cells. However, 
their uses in vivo are limited owing to toxicological concerns and poor colloidal stability [71]. 

In the design of liposome composition, there are two varieties, cationic and anionic. Cationic 
liposomes, however, are generally more favorable due to their higher transfection efficiencies [72]. For 
example, l,2-dioleoyl-3-trimethylammoniumpropane (DOTAP), Transfectam (Promega) and 98N12-5 
are commonly used building blocks for liposome based delivery system [38,73]. When cationic lipids 
combine with anionic siRNAs, 70-nm diameter amorphous particles known as lipoplexes are formed 
that subsequently facilitate the release of the siRNAs into cells by formation of neutral ion pairs 
between cationic liposome carriers and the more anionic cellular plasma membrane. Typically, most 
siRNAs enter cells via endocytosis, suggesting that an endosome escape mechanism is required for 
efficient gene silencing. In fact, efficient siRNA release from the endosome represents the most critical 
challenge in delivery as endosome internalization leads to degradation of the siRNAs. Some amine - 
based materials such as polyethylenimine (PEI) and [3-amino ester were reported to promote endosome 
escape via the proton sponge effect, which induces the rupture of the endosome to release its siRNAs 
to the cytoplasm [74]. Also, pH sensitive bonds and fusogenic peptides were designed so the lipid 
carriers were destabilized to promote release of the siRNAs in the acidic endosome environment 
[38,75]. 

More recently, some lipid-based carriers have begun to be evaluated in the clinical development 
pipeline. Tekmira Pharmaceuticals, in partnership with Alnylam Pharmaceuticals, has developed a 
specialized liposome nanoparticle termed a Stable Nucleic Acid Lipid Particle (SNALP) that 
represents one of the major achievements in systemic siRNA delivery to date [76]. SNALPs are poly- 
ethylene glycol (PEG)-conjugated liposomes comprised of siRNA encapsulated inside a lipid bilayer 
of cationic lipids, neutral lipids and PEG-lipid fusion regulators. Comparing with conventional 
liposomal siRNA complexes, SNALP formulation has a longer half-life in plasma and liver. Two 
SNALP-formulated siRNA drugs were designed to treat high levels of blood cholesterol or 
hypercholesterolemia, though TKM-ApoB (Tekmira) targeted ApoB [5]; while ALN-PCS (Alnylam) 
targeted proprotein convertase subtilisn/kexin type 9 (PCSK9) [77]. Both drugs were tested in Phase 1 
clinical trials and were determined to be safe and well tolerated with no serious adverse events 
associated with drug administration. Additionally, Alnylam Pharmaceuticals is currently developing 
two SNALP encapsulated siRNA drugs that targeted the transthyretin (TTR) gene to treat TTR- 
mediated amyloidosis (ATTR). In the Phase 1 trials of ALN-TTR01, it was demonstrated that 
administration of ALN-TTR01 exhibits a statistically significant dose-dependent reduction in serum 
TTR protein levels in ATTR patients. More recently, ALN-TTR02 comprises siRNAs targeting the 
same gene but is encapsulated by the second-generation proprietary nanoparticles called MC3 lipids 
(http://www.alnylam.com). A Phase 1 study of ALN-TTR02 has recently been initiated to evaluate its 
safety, tolerability and clinical activity in healthy volunteers (http://www.alnylam.com). A similar lipid 
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formulation (ALN-VSP) is in Phase 1 clinical trials, delivering siRNAs against two important cancer 
genes, kinesin spindle protein (KSP) and vascular endothelial growth factor (VEGF) for the treatment 
of liver cancers. This dual-targeting strategy demonstrated strong evidence of anti-tumor activity in 
advanced malignancy patients. Importantly, the two siRNAs targeting VEGF and KSP in ALN-VSP 
were detected in nearly all of the biopsy samples [78]. 

Using a similar approach to SNALP, other liposome-based nanoparticle designs are being evaluated 
in multiple Phase 1 clinical trials. Silence Therapeutics developed the proprietary AtuPLEX system to 
deliver 2'-0-methyl-modified siRNAs (Atu027) against protein kinase 3 (PKN3) to the vascular 
endothelium for the treatment of solid tumors [79]. Early clinical data revealed that Atu027 exhibits an 
excellent safety profile and helps to stabilize the diseases of some patients in advanced stages of 
disease [80]. 

3.2. Cationic Dendrimers 

Dendrimers are a highly branched synthetic polymers centered around an inner core (-100 nm). As 
an example, some dendrimers consists of polyamidoamine (PAMAM) synthesized in an algorithmic 
step-by-step fashion; every repeated branched layer represents a higher generation molecule. 
Compared to other linear polymers, dendrimers with spherical shape have a well-defined size and 
chemical structure, and their surface functional groups can be engineered for various 
applications [81]. Modified PAMAM dendrimers with surface amino groups conjugated to folic acids 
as targeting vehicles have been used for delivery of the anticancer small molecule methotrexate, 
demonstrating a better therapeutic index than free drug in animal models [82]. Given the high density 
of positive charges on the surface, dendrimers are also attractive for delivery of negatively charged 
plasmid DNA, antisense oligonucleotides, and siRNAs [83-86]. These nucleic acids can be loaded by 
surface adsorption or interior encapsulation, thereby protecting them from serum degradation and 
triggering immune response. To form a stable siRNA-dendrimer nanoparticle, the size-to-charge ratio 
of dendrimer formulation should be deliberately adjusted so as to provide sufficient electrostatic 
interactions to form a stable complex while not impeding the release of siRNAs from the endosome 
into the cytosol [87]. The immunogenicity and toxicity of dendrimers are associated with the surface 
charge [83], though cationic PAMAM dendrimers are generally more cytotoxic than anionic PAMAM 
dendrimers. 

Recently, our group has reported on the generation 5 (G5) dendrimer for functional delivery of 
siRNAs that inhibit HIV infection and replication by targeting HIV genes tat and rev and host 
dependency factors CD4 and Transportin-3 (TNP03) [88]. The G5 dendrimer-siRNA complexes 
demonstrated effective inhibition of HIV- 1 replication in T lymphocytes in vitro and in a humanized 
mouse model. In another study, dendrimers were further modified with magnetofluorescent 
nanoworms to form "dendriworms" to increase the siRNA loading capacity [89]. When the 
dendriworms carrying siRNAs were added to human glioblastoma cells, this siRNA-dendrimer 
complex rapidly internalized into the cells and then escaped into the cytosol [89]. The delivered 
siRNAs were able to silence expression of the targeted gene in vivo. 

For targeted delivery, dendrimer can be easily conjugated with one or multiple targeting ligands. 
For example, the 9-mer Luteinizing Hormone -Releasing Hormones (LHRH) peptide was conjugated to 
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PAMAM dendrimers, whose internal amino group was quaternalized for siRNA loading [90]. The 
cellular uptake was observed to be dependent on the targeting peptide. Similarly, a 53-mer epidermal 
growth factor (EGF) peptide was grafted with generation 4 (G4) PAMAM dendrimers for siRNA 
delivery [91]. 

3.3. Cyclodextrin Polymers 

Cyclodextrin polymers have received considerable attention as two cyclodextrin based nano-drugs 
are in clinical trials [92,93]. Cyclodextrins possess defined geometric (~70 nm) and cationic structural 
characteristics that offer advantages for cationic siRNA payloads to form inclusion complexes. 
Additionally, each cyclodextrin molecule may contain covalently bound polyethylene glycol (PEG), 
which acts to stabilize the nanoparticle and avoid nonspecific interaction with blood and extracellular 
elements under physiological conditions. A variety of targeting agents that recognize cell surface 
antigens can be covalently attached to the surface PEG modifier. 

IT-101 (Calando Pharmaceuticals) is designed for delivery of an anti-cancer drug, 
camptothecin [94], and while CALAA-01 (Calando) is designed for delivery of siRNAs [36]. 
Cyclodextrins — the primary carriers for these drugs — are natural cyclic sugars composed of 6(a-CD), 
7(p-CD) or 8(y-CD) D-(+)-glucose units linked by a- 1,4 linkages [93]. In CALAA-01, transferrin, 
which is a blood plasma protein for iron delivery, is employed as a cell internalizing agent since many 
types of cancer cells have been shown to overexpress transferrin receptors, thereby enabling the uptake 
of cyclodextrin-siRNA nanoparticles by the cell of interest. The cyclodextrin-siRNA nanoparticle 
(CALAA-01, Calando Pharmaceuticals) has entered a Phase lb clinical trial, which is the first-in- 
human study involving systemic siRNA administration to patients (NCT00689065) [95]. In this 
nanoparticle delivery system, the siRNA is directed against the M2 subunit of ribonucleotide 
reductase, which is a critical enzyme in the proliferation of cancer cells. The drug safety of CALAA- 
01 is currently being assessed in Phase lb studies in patients with solid organ tumors refractory to 
treatment (NCT00689065) [95]. Early data from this study showed that this delivery system was able 
to localize in tumor cells of melanoma patients in a dose-dependent manner and revealed the first proof 
for an RNAi gene silencing mechanism in humans by a modified 5' rapid amplification of cDNA ends 
(RACE) assay [37]. 

3.4. Polyethyleneimine (PEL) 

Polyethyleneimine (PEI) is a synthetic biocompatible polymer that is available in linear and 
branched forms with a wide range of molecular weights. Owing to its rich proton-accepting amino 
group contents, PEI is well known to exert a proton sponge effect to induce endosomal release of 
siRNA into the cytosol [83]. Hence, PEI is preferentially utilized to complex with other nanoparticles 
for siRNA delivery [96]. 

Intradigm (now merged with Silence Therapeutics) links PEI with a three-amino acid cell 
penetrating peptide (Arg-Gly-Asp) to deliver anti-VEGF siRNAs for the treatment of angiogenesis 
[97]. The anti-VEGF siRNA nanoparticles exhibited inhibition of VEGF production and demonstrated 
desirable anti-tumor effects in an animal model, while nanoparticle complexed with control siRNAs 
did not show inhibitory effects [97,98]. In a similar active targeting approach, several targeting 
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molecules, such as folate, galactose and pulluan, were also reported in the targeted delivery of 
PEI/siRNA nanoparticles [96,99,100]. However, it is noted that PEI might induce cytotoxicity due to 
the polycationic nature, leading to membrane damage and activation of the innate immune 
system [101]. 

3.5. Mesoporous Silica Nanoparticles 

Mesoporous silica nanoparticles (MSNs) are another important inorganic material that has long 
been used for small molecule drug delivery. The large surface area of the pores allows the particles to 
be filled with large amount of drugs, which will subsequently be taken up by cells through 
endocytosis. MSNs are formulated by reacting tetraethyl orthosilicate with a template made of micellar 
rods. The surface of MSNs can be chemically modified with various functional groups for targeting 
purposes. A number of MSN based systems have been reported to deliver siRNAs for cancer therapy. 
In one study, a MSN containing PEI and functionalized fusogenic peptide (denoted as M- 
MSN_siRNA@PEI-KALA) was described to be highly effective for silencing gene expression both in 
vitro and in vivo [102]. The assembly of this nanoparticle started with the encapsulation of siRNAs 
within the pore of MSN, followed by the conjugation of PEI on the surface of the nanoparticles and the 
coating of KALA peptides. It was shown that the nanoparticles were efficiently internalized into cells 
and subsequently escaped from the endosome to release the loaded siRNAs into the cytoplasm. Intra- 
tumoral injection of M-MSN_siRNA@PEI-KALA significantly inhibited tumor growth with 
negligible cytotoxic effect. Furthermore, because of the large capacity of MSNs, it was reported that 
cancer chemotherapeutics, such as doxorubicin, can be loaded together with Bcl2-siRNAs into MSN 
for enhanced efficacy of chemotherapy [103]. It was observed that both Bcl2-siRNA and Dox were 
released into cells. The Bcl2-siRNA effectively silenced the multi-drug resistant pump of Bcl2 gene, 
which subsequently enhanced the effect of Dox [103]. 

3.6. Protein or Peptide-Based Nanoparticles 

Owing to the specificity of antibodies, it is rational to make use of antibodies to selectively deliver 
therapeutic payloads into diseased cells [84]. For example, Mylotarg® (gemtuzumab) is a currently 
FDA-approved monoclonal antibody against CD33 for the selective delivery of small molecule 
chemotherapeutics to acute myeloid leukemia (AML) cancer cells that overexpress CD33 [104]. 
Similarly, therapeutic siRNAs can be conjugated to an antibody through a carrier via electrostatic 
association. The antibody can be biologically generated to bind to antigens expressed on the surface of 
target cells. Once the antibody-siRNA conjugates specifically locate and bind to target cells, the 
complexes become internalized with the antigen through clathrin mediated-endocytosis and 
subsequently siRNAs are released to cytoplasm to execute RNAi. 

Antibodies can also be reduced in size by only using the antigen recognition site. A single-chain 
variable fragment antibody (scFv) can be constructed and fused to a protamine fragment for selective 
siRNA delivery. Examples of antigens that have been adopted for targeted delivery include HIV-1 
gpl60, Her2 and ErbB2 [105-107]. In the study of the gpl60 antibody-mediated siRNA delivery, the 
siRNAs targeting the HrV-1 gag gene were complexed to a protamine-gpl60 antibody fusion protein 
[106]. The role of protamine acts as a polycation that binds to approximately six siRNA molecules per 
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fusion protein by charge interactions and forms a highly condensed nanoparticle. These antibody- 
siRNA complexes were specifically taken up by cells infected with HIV-1 and showed significant 
inhibition of HIV replication in infected primary T lymphocytes [106]. Recently, a similar strategy 
using a fusion of Her2 antibody and protamine loaded with Plkl siRNAs was shown to suppress 
proliferation of Her2 positive breast cancer cells and primary human cancers in orthotropic breast 
cancer models [105]. Systemically injected Her2ab/Plkl siRNA nanoparticles were localized to Her2 
expressing cells in xenografts and persisted for more than 72 hours, leading to Plkl gene silencing and 
tumor cell apoptosis [105]. 

Alternatively, the protamine fusion can be substituted with a 9-amino acid poly-(D)-arginine 
peptide, but the siRNA loading capacity is dramatically reduced compared with the protamine fusion 
approach. Anti-HIV siRNAs against the host CCR5 co-receptor and HIV genes vif and tat were 
conjugated with poly-(D)-arginine and CD7 antibody to facilitate binding and internalization into 
CD7-expressing human T lymphocytes [108]. Moreover, systemic injection of these nanoparticles 
showed robust protection of T lymphocytes from HIV infection in humanized mice, and the fusion 
protein-siRNA complex did not cause toxicity in transfected cells or trigger interferon responses [108]. 

Cell penetrating peptides (CPPs) are short chains of acidic amino acids that have been evaluated as 
siRNA delivery agents [109-112]. The idea of using positively charged peptides as delivery vehicles 
for siRNA is similar to the strategy of cationic liposomes, as these short peptides can spontaneously 
form complexes with siRNAs by electrostatic interactions. Subsequently, the complexes can interact 
with anionic cell membranes to facilitate release of siRNAs in cells. 

Tat-(48-60) (GRKKKRRQRRRPPQ) and penetratin® (RQIKIWFQNRRMKWKKC) are the most 
extensively studied cell penetrating peptides derived from the HIV-1 trans-activator of transcription 
protein and the third helix of the homeodomain of the antennapedia protein, respectively [113,114]. 
These peptides have demonstrated efficient gene knockdown when the 3' end of the sense strand 
siRNA is conjugated with the cell penetrating peptides. To facilitate efficient incorporation into the 
RISC, the siRNAs and cell penetrating peptides may be linked by a disulfide bond so that each 
component can separate in the reducing environment of the cytosol [110]. Interestingly, when the 
peptides are attached to the antisense strand of siRNAs, the efficiency of gene knockdown is 
significantly reduced, probably due to disruption of RISC loading [115]. Traversa Therapeutics and 
Sanofi-Aventis are validating and developing the Tat-based cell penetrating peptide system for 
siRNA delivery. 

In addition to direct conjugation with siRNAs, cell penetrating peptides can be coated on the surface 
of other delivery vehicles to refine their properties. For example, Tat peptide conjugated PEGylated 
liposomes were prepared and exhibited better cellular intake than PEGylated liposomes alone [83,1 16]. 
Histidine-lysine (HK) peptides are also designed to enhance endosomal disruption ability by the proton 
sponge effect of the nanoparticles [117]. 

3. 7. Nucleic acid Aptamer-Based Nanoparticles 

Akin to antibodies, there has been a major interest in the application of aptamers for targeted siRNA 
delivery [118]. Aptamers are single-stranded nucleic acids that are evolved in vitro by an iterative 
selection process called Systematic Evolution of Ligands by Exponential Enrichment (SELEX) [119]. 
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Aptamers can specifically recognize and bind to their cognate targets through their well-defined stable 
three dimensional structure [120]. The use of aptamers can serve dual functions as agents that can 
target cell receptors and as vehicles to deliver siRNA cargoes to specific cells based on surface 
markers [121-123]. The cell-specific aptamers can be conjugated to therapeutic agents or nanocarriers 
for targeting purpose. Nanocarriers that have large surface areas and interior cavities can assemble 
multiple aptamers and various drugs molecules, thereby increasing their binding affinity and loading 
capacity. Currently, a number of aptamer-functionalized nanocarriers have been generated for targeting 
RNAi [124,125]. For example, Zhao et al. formulated a non-covalent nanocomplex that specifically 
silenced anaplastic lymphoma kinase (ALK) gene expression and induced growth arrest and apoptosis 
in CD30-expressing anaplastic large cell lymphoma (ALCL) cells. The complexes with average 
diameter -140 nm are formed by direct mixing of individual siRNAs, aptamers and PEI [126]. 

Aptamers can be synthesized chemically and are amenable to chemical modification. During 
chemical synthesis of aptamer, various functional groups, such as amino group (-NH 2 ) or thiol group 
(-SH), are readily incorporated into the nucleic acid molecules. For example, a prostate-specific 
membrane antigen (PS AM) RNA aptamer containing a 5'-NH 2 group was chemically conjugated with 
a branched polyethyleneimine-grafted polyethylene glycol polymer (PEI-PEG) that serves as a vehicle 
for shRNA delivery [127]. The PEG linker served as a spacer to separate positively charged PEI from 
negatively charged aptamers, thereby minimizing their potential interactions. Similarly, a 3'-SH 
modified anti-PSMA RNA aptamer (A10-3.2) was covalently coupled to the surface of PAMAM 
dendrimer using a PEG linker. The resulting PSMA aptamer-PEG-dendrimer effectively delivered 
miR-15a and miR-16-1 to prostate cancer cells overexpresing PSMA, resulting in cell apoptosis. 
Recently, a multifunctional nanoparticle system containing a PEI-coated quantum dot was used to 
absorb siRNAs via non-covalent electrostatic interactions. PSMA aptamer containing a thiol group was 
conjugated to the siRNAs via thiol-disulfide exchange [128]. The resulting PSMA aptamer-S-S-siRNA 
chimeras/PEI-QD nanoparticles were prone to induce the proton sponge effect that provided improved 
selective gene silencing activity over non-targeted nanoparticles. 

3.8. Bacteriophage phi29 Packaging RNA (pNRA)-Based Nanoparticles 

Bacteriophage pRNA is a key component in the Phi29 phage packaging motor that gears the viral 
genome DNA into the viral capsid. pRNA, which is composed exclusively of RNA, is expressed as 
identical monomers, but can be engineered into dimers, trimers, or up to hexamers via the loop-loop 
interactions under ambient conditions [129,130]. This feature of forming self-assembled complexes 
makes pRNA an attractive building block for bottom-up assembly of RNA nanostructures. Each pRNA 
monomer contains two domains: 1) an interlocking domain and 2) a helical domain. Both domains fold 
independently. The modification of the helical domain of pRNA (e.g., substitution of a helical domain 
with an siRNA sequence) does not disturb its folding, structure and intermolecular interactions of the 
multimer. The pRNA nanostructure can be fabricated to deliver therapeutic siRNAs specifically into 
diseased cells. For example, targeting molecules, such as folate ligands, were conjugated to the helical 
domain of one pRNA subunit and then dimerized with another pRNA subunit encoding a therapeutic 
siRNA that targeted the anti-apoptotic factor survivin gene [131]. Once assembled, these pRNA 
nanoparticles, ranging from 10 nm to 50 nm, were optimal for cellular intake and were efficiently 
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internalized by cancer cells overexpressing folate receptors. Pre-clinical animal studies also showed 
that the pRNA nanoparticles only targeted folate expressing cancer cells and promoted apoptosis in 
xenografts [131,132]. The pRNA/siRNA chimera nanoparticles have also been engineered for targeted 
delivery of tat/rev siRNAs and MT-IIA siRNAs for the treatment of HIV and ovarian cancer 
respectively [131,133]. 

Recently, the three-way junction (3WJ) of the pRNA was exploited to carry functional RNAs (e.g., 
siRNA, aptamers, and receptor ligands like folate) at the end of each junction [134]. When three 
oligomers containing functional modules were mixed together, a thermodynamically stable tripartite 
nanostructure was formed and more importantly, the functionalities of the RNA modules remained 
independent, suggesting that the 3WJ domain of pRNA can serve as a nano-platform for the 
construction of RNA nanoparticles for targeted siRNA delivery to specific cells for the treatment of 
diseases [134]. 

4. Conclusions and Future Prospects 

Since the first publication of RNAi in 1998, this technology has already advanced rapidly from the 
laboratory bench to the early or mid stage clinical trials. Although several RNAi-based drugs indicate 
strong promise in clinical applications, occasional recent frustrations in clinical trials have tempered 
the excitement and have triggered extensive efforts to surmount these key hurdles. Cytoplasmic 
delivery of siRNAs is one of the most important limitations. As described in Section 2, systemic RNAi 
delivery involves multi-step processes and endosomal escape is the most challenging bottleneck of 
translation of RNAi therapeutics. Therefore, it is not surprising that even slight inefficiencies at any 
particular stage would ultimately lead to a marginal or no gene silencing activity. 

Nanotechnology offers an assortment of versatile targeted delivery platforms for RNAi therapeutics. 
A precisely engineered, multifunctional nanocarrier with combined passive and active targeting 
capabilities may address the delivery challenge to the widespread use of RNAi as a therapy. Different 
nanotechnology platforms have their inherent niche and function differently by various routes of 
delivery (e.g. local vs. systemic) that subsequently affect the disease type (Table 1). For example, 
naked siRNAs, which are rapidly degraded in biological serum, are confined to easily accessible 
organs; the biodistribution of lipid particles (SNALPs) and dendrimers are more suitable for liver 
disease by systemic delivery; and aptamer-siRNA chimera and pRNA nanoparticles are multivalent 
that are suitable for viral diseases. Although SNALPs appear to be the most promising approach in the 
clinical development pipeline, it is expected that other nanotechnology platforms will display 
advantages in other disease areas. 

To effectively translate preclinical proof-of-concept to clinical efficacy, the following developments 
must be achieved to advance the field of RNAi therapeutics, 1) optimization of gene silencing activity 
of RNAi agents with increased nuclease resistance and reduced immune activation; 2) discovery of 
proper delivery formulation with prolonged circulation time and enhanced biodistribution; 3) specific 
tissue and cellular uptake; 4) efficient endosomal release of siRNA and incorporation of siRNA into 
the multi-protein RNA-induced silencing complex (RISC); and 5) elucidation of RISC loading and 
Ago2 function. A better understanding of intracellular fate of siRNA-nanocarriers will provide more 
rational rules for designing and optimizing an ideal siRNA-nanocarrier delivery system. 



Pharmaceuticals 2013, 6 



100 



Acknowledgments 

This work was supported by NIH grants AI42552, AI29329, HL07470 and NCI CA151648 award 
to J. R. J. Z and K. S drafted the article. J. R and J. B. revised it and gave final approval of the version 
to be published. 

Conflict of Interest 

J.J.R. is a cofounder of Dicerna Pharmaceuticals and Calando Pharmaceuticals. The other authors 
declare that they have no competing financial interests. 

References 

1. Fire, A.; Xu, S.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and 
specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature 1998, 
397,806-811. 

2. Zamore, P.D.; Tuschl, T.; Sharp, P.A.; Bartel, D.P. RNAi: double-stranded RNA directs the 
ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals. Cell 2000, 101, 25-33. 

3. Elbashir, S.M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl, T. Duplexes of 21- 
nucleotide RNAs mediate RNA interference in cultured mammalian cells. Nature 2001, 411, 
494-498. 

4. Davidson, B.L.; McCray, P.B., Jr. Current prospects for RNA interference-based therapies. 
Nat. Rev. Genet. 2011, 12, 329-340. 

5. Burnett, J.C.; Rossi, J.J. RNA-based therapeutics: current progress and future prospects. Chem. 
Biol. 2012, 79,60-71. 

6. Lares, M.R.; Rossi, J.J.; Ouellet, D.L. RNAi and small interfering RNAs in human disease 
therapeutic applications. Trends Biotechnol. 2010, 28, 570-579. 

7. Dejneka, N.S.; Wan, S.; Bond, O.S.; Kornbrust, D.J.; Reich, S.J. Ocular biodistribution of 
bevasiranib following a single intravitreal injection to rabbit eyes. Mol. Vis. 2008, 14, 997- 
1005. 

8. Cho, W.G.; Albuquerque, R.J.; Kleinman, M.E.; Tarallo, V.; Greco, A.; Nozaki, M.; Green, 
M.G.; Baffi, J.Z.; Ambati, B.K.; De Falco, M.; Alexander, J.S.; Brunetti, A.; De Falco, S.; 
Ambati, J. Small interfering RNA-induced TLR3 activation inhibits blood and lymphatic vessel 
growth. Proc. Natl. Acad. Set U. S. A. 2009, 106, 7137-7142. 

9. Kleinman, M.E.; Yamada, K.; Takeda, A.; Chandrasekaran, V.; Nozaki, M.; Baffi, J.Z.; 
Albuquerque, R.J.; Yamasaki, S.; Itaya, M.; Pan, Y.; Appukuttan, B.; Gibbs, D.; Yang, Z.; 
Kariko, K.; Ambati, B.K.; Wilgus, T.A.; DiPietro, L.A.; Sakurai, E.; Zhang, K.; Smith, J.R.; 
Taylor, E.W.; Ambati, J. Sequence- and target-independent angiogenesis suppression by 
siRNA via TLR3. Nature 2008, 452, 591-597. 

10. Whitehead, K.A.; Langer, R.; Anderson, D.G. Knocking down barriers: advances in siRNA 
delivery. Nat. Rev. Drug Discov. 2009, 8, 129-138. 

11. Dominska, M.; Dykxhoorn, D.M. Breaking down the barriers: siRNA delivery and endosome 
escape. J. Cell Sci. 2010, 723, 1 1 83-1 1 89. 

12. Levy-Nissenbaum, E.; Radovic-Moreno, A.F.; Wang, A.Z.; Langer, R.; Farokhzad, O.C. 
Nanotechnology and aptamers: applications in drug delivery. Trends Biotechnol. 2008, 26, 
442-449. 

13. Kim, S.; Kim, J.H.; Jeon, O.; Kwon, I.C.; Park, K. Engineered polymers for advanced drug 
delivery. Eur. J. Pharm. Biopharm. 2009, 77, 420-430. 



Pharmaceuticals 2013, 6 



101 



14. Guo, P.; Haque, F.; Hallahan, B.; Reif, R.; Li, H. Uniqueness, advantages, challenges, 
solutions, and perspectives in therapeutics applying RNA nanotechnology. Nucleic Acid Ther. 
2012,22,226-245. 

15. Shen, H.; Sun, T.; Ferrari, M. Nanovector delivery of siRNA for cancer therapy. Cancer Gene 
Ther. 2012, 19, 367-373. 

16. Lee, D.U.; Huang, W.; Rittenhouse, K.D.; Jessen, B. Retina Expression and Cross-Species 
Validation of Gene Silencing by PF-655, a Small Interfering RNA Against RTP801 for the 
Treatment of Ocular Disease. J. Ocul. Pharmacol. Ther. 2012. 

17. Sarret, P.; Dore-Savard, L.; Beaudet, N. Direct application of siRNA for in vivo pain research. 
Methods Mol. Biol. 2010, 623, 383-395. 

18. Barik, S. Intranasal delivery of antiviral siRNA. Methods Mol. Biol. 2011, 721, 333-338. 

19. DeVincenzo, J.; Lambkin-Williams, R.; Wilkinson, T.; Cehelsky, J.; Nochur, S.; Walsh, E.; 
Meyers, R.; Gollob, J.; Vaishnaw, A. A randomized, double-blind, placebo-controlled study of 
an RNAi-based therapy directed against respiratory syncytial virus. Proc. Natl. Acad. Sci. US A 
2010,707,8800-8805. 

20. Juliano, R.; Alam, M.R.; Dixit, V.; Kang, H. Mechanisms and strategies for effective delivery 
of antisense and siRNA oligonucleotides. Nucleic Acids Res. 2008, 36, 4158-4171. 

21. Perez -Martinez, F.C.; Guerra, J.; Posadas, I.; Cena, V. Barriers to non-viral vector-mediated 
gene delivery in the nervous system. Pharm. Res. 2011, 28, 1843-1858. 

22. van de Water, F.M.; Boerman, O.C.; Wouterse, A.C.; Peters, J.G.; Russel, F.G.; Masereeuw, R. 
Intravenously administered short interfering RNA accumulates in the kidney and selectively 
suppresses gene function in renal proximal tubules. Drug Metab. Dispos. 2006, 34, 1393-1397. 

23. Wang, J.; Lu, Z.; Wientjes, M.G.; Au, J.L. Delivery of siRNA therapeutics: barriers and 
carriers. Aaps. J. 2010, 12, 492-503. 

24. Danquah, M.K.; Zhang, X.A.; Mahato, R.I. Extravasation of polymeric nanomedicines across 
tumor vasculature. Adv. Drug Deliv. Rev. 2011, 63, 623-639. 

25. Yuan, F.; Dellian, M.; Fukumura, D.; Leunig, M.; Berk, DA.; Torchilin, V.P.; Jain, R.K. 
Vascular permeability in a human tumor xenograft: molecular size dependence and cutoff size. 
Cancer Res. 1995,55, 3752-3756. 

26. Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Long-circulating and target-specific nanoparticles: 
theory to practice. Pharmacol. Rev. 2001, 53, 283-318. 

27. Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer 
chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor agent 
smancs. Cancer Res. 1986, 46, 6387-6392. 

28. Greish, K. Enhanced permeability and retention of macromolecular drugs in solid tumors: a 
royal gate for targeted anticancer nanomedicines. J. Drug Target. 2007, 15, 457-464. 

29. Jain, R.K. Transport of molecules in the tumor interstitium: a review. Cancer Res. 1987, 47, 
3039-3051. 

30. Boucher, Y.; Baxter, L.T.; Jain, R.K. Interstitial pressure gradients in tissue-isolated and 
subcutaneous tumors: implications for therapy. Cancer Res. 1990, 50, 4478-4484. 

31. Perrault, S.D.; Chan, W.C. In vivo assembly of nanoparticle components to improve targeted 
cancer imaging. Proc. Natl. Acad. Sci. USA 2010, 107, 1 1 194-1 1 199. 

32. Netti, PA.; Berk, DA.; Swartz, M.A.; Grodzinsky, A.J.; Jain, R.K. Role of extracellular matrix 
assembly in interstitial transport in solid tumors. Cancer Res. 2000, 60, 2497-2503. 

33. Wong, C; Stylianopoulos, T.; Cui, J.; Martin, J.; Chauhan, V.P.; Jiang, W.; Popovic, Z.; Jain, 
R.K.; Bawendi, M.G.; Fukumura, D. Multistage nanoparticle delivery system for deep 
penetration into tumor tissue. Proc. Natl. Acad. Sci. USA 2011, 108, 2426-2431. 

34. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an 
emerging platform for cancer therapy. Nat. Nanotechnol. 2007, 2, 751-760. 

35. Gullotti, E.; Yeo, Y. Extracellularly activated nanocarriers: a new paradigm of tumor targeted 
drug delivery. Mol. Pharm. 2009, 6, 1041-1051. 



Pharmaceuticals 2013, 6 



102 



36. Davis, M.E. The first targeted delivery of siRNA in humans via a self-assembling, cyclodextrin 
polymer-based nanoparticle: from concept to clinic. Mol. Pharm. 2009, 6, 659-668. 

37. Davis, M.E.; Zuckerman, J.E.; Choi, C.H.; Seligson, D.; Tolcher, A.; Alabi, C.A.; Yen, Y.; 
Heidel, J.D.; Ribas, A. Evidence of RNAi in humans from systemically administered siRNA 
via targeted nanoparticles. Nature 2010, 464, 1067-1070. 

38. Schroeder, A.; Levins, C.G.; Cortez, C; Langer, R.; Anderson, D.G. Lipid-based 
nanotherapeutics for siRNA delivery. J. Intern. Med. 2010, 267, 9-21. 

39. Nguyen, J.; Szoka, F.C. Nucleic acid delivery: the missing pieces of the puzzle? Acc. Chem. 
Res. 2012,45, 1153-1162. 

40. Mukherjee, S.; Ghosh, R.N.; Maxfield, F.R. Endocytosis. Physiol. Rev. 1997, 77, 759-803. 

41. Kumari, S.; Mg, S.; Mayor, S. Endocytosis unplugged: multiple ways to enter the cell. Cell 
Res. 2010,20,256-275. 

42. Varkouhi, A.K.; Scholte, M.; Storm, G.; Haisma, H.J. Endosomal escape pathways for delivery 
of biologicals. J. Control. Release 2011, 151, 220-228. 

43. Boussif, O.; Lezoualc'h, F.; Zanta, M.A.; Mergny, M.D.; Scherman, D.; Demeneix, B.; Behr, 
J.P. A versatile vector for gene and oligonucleotide transfer into cells in culture and in vivo: 
polyethylenimine. Proc. Natl. Acad. Sci. USA 1995, 92, 7297-7301. 

44. Cho, Y.W.; Kim, J.D.; Park, K. Polycation gene delivery systems: escape from endosomes to 
cytosol. J. Pharm. Pharmacol. 2003, 55, 721-734. 

45. Turner, J.J.; Ivanova, G.D.; Verbeure, B.; Williams, D.; Arzumanov, A.A.; Abes, S.; Lebleu, 
B.; Gait, M.J. Cell-penetrating peptide conjugates of peptide nucleic acids (PNA) as inhibitors 
of HIV-1 Tat-dependent trans-activation in cells. Nucleic Acids Res. 2005, 33, 6837-6849. 

46. Shiraishi, T.; Pankratova, S.; Nielsen, P.E. Calcium ions effectively enhance the effect of 
antisense peptide nucleic acids conjugated to cationic tat and oligoarginine peptides. Chem. 
Biol. 2005, 72,923-929. 

47. Abes, S.; Williams, D.; Prevot, P.; Thierry, A.; Gait, M.J.; Lebleu, B. Endosome trapping limits 
the efficiency of splicing correction by PNA-oligolysine conjugates. J. Control. Release 2006, 
770,595-604. 

48. Shiraishi, T.; Nielsen, P.E. Photochemically enhanced cellular delivery of cell penetrating 
peptide-PNA conjugates. FEBS Lett. 2006, 580, 1451-1456. 

49. Matsushita-Ishiodori, Y.; Ohtsuki, T. Photoinduced RNA interference. Acc. Chem. Res. 2012, 
45, 1039-1047. 

50. Blidner, R.A.; Svoboda, K.R.; Hammer, R.P.; Monroe, W.T. Photoinduced RNA interference 
using DMNPE-caged 2'-deoxy-2'-fluoro substituted nucleic acids in vitro and in vivo. Mol. 
Biosyst. 2008,4,431^40. 

51. Endoh, T.; Sisido, M.; Ohtsuki, T. Photo inducible RNA interference using cell permeable 
protein carrier. Nucleic Acids Symp. Ser. (Oxf.) 2007, 127-128. 

52. Endoh, T.; Sisido, M.; Ohtsuki, T. Cellular siRNA delivery mediated by a cell-permeant RNA- 
binding protein and photoinduced RNA interference. Bioconjug. Chem. 2008, 19, 1017-1024. 

53. Endoh, T.; Sisido, M.; Ohtsuki, T. Spatial regulation of specific gene expression through 
photoactivation of RNAi. J. Control. Release 2009, 137, 241-245. 

54. Braun, G.B.; Pallaoro, A.; Wu, G.; Missirlis, D.; Zasadzinski, J.A.; Tirrell, M.; Reich, N.O. 
Laser-Activated Gene Silencing via Gold Nanoshell-siRNA Conjugates. ACS Nano 2009, 3, 
2007-2015. 

55. Hammond, S.M.; Boettcher, S.; Caudy, A.A.; Kobayashi, R.; Hannon, G.J. Argonaute2, a link 
between genetic and biochemical analyses of RNAi. Science 2001, 293, 1 146-1 150. 

56. Liu, J.; Carmell, M.A.; Rivas, F.V.; Marsden, C.G.; Thomson, J.M.; Song, J.J.; Hammond, 
S.M.; Joshua-Tor, L.; Hannon, G.J. Argonaute2 is the catalytic engine of mammalian RNAi. 
Science 2004, 305, 1437-1441. 



Pharmaceuticals 2013, 6 



103 



57. Sakurai, K.; Amarzguioui, M.; Kim, D.H.; Alluin, J.; Heale, B.; Song, M.S.; Gatignol, A.; 
Behlke, M.A.; Rossi, J.J. A role for human Dicer in pre-RISC loading of siRNAs. Nucleic 
Acids Res. 2011,39, 1510-1525. 

58. Matranga, C; Tomari, Y.; Shin, C; Bartel, D.P.; Zamore, P.D. Passenger-strand cleavage 
facilitates assembly of siRNA into Ago2-containing RNAi enzyme complexes. Cell 2005, 123, 
607-620. 

59. Gibbings, D.J.; Ciaudo, C; Erhardt, M.; Voinnet, O. Multivesicular bodies associate with 
components of miRNA effector complexes and modulate miRNA activity. Nat. Cell Biol. 2009, 
77,1143-1149. 

60. Lee, Y.S.; Pressman, S.; Andress, A.P.; Kim, K; White, J.L.; Cassidy, J.J.; Li, X.; Lubell, K; 
Lim do, H.; Cho, I.S.; Nakahara, K; Preall, J.B.; Bellare, P.; Sontheimer, E.J.; Carthew, R.W. 
Silencing by small RNAs is linked to endosomal trafficking. Nat. Cell Biol. 2009, 77, 
1150-1156. 

61. Sen, G.L.; Blau, H.M. Argonaute 2/RISC resides in sites of mammalian mRNA decay known 
as cytoplasmic bodies. Nat. Cell Biol. 2005, 7, 633-636. 

62. Rossi, J.J. RNAi and the P-body connection. Nat. Cell Biol. 2005, 7, 643-644. 

63. Meister, G.; Landthaler, M.; Patkaniowska, A.; Dorsett, Y.; Teng, G.; Tuschl, T. Human 
Argonaute2 mediates RNA cleavage targeted by miRNAs and siRNAs. Mol. Cell 2004, 75, 
185-197. 

64. Davis, M.E.; Chen, Z.G.; Shin, D.M. Nanoparticle therapeutics: an emerging treatment 
modality for cancer. Nat. Rev. Drug Discov. 2008, 7, 771-782. 

65. Petros, R.A.; DeSimone, J.M. Strategies in the design of nanoparticles for therapeutic 
applications. Nat. Rev. Drug Discov. 2010, 9, 615-627. 

66. Zhang, L.; Gu, F.X.; Chan, J.M.; Wang, A.Z.; Langer, R.S.; Farokhzad, O.C. Nanoparticles in 
medicine: therapeutic applications and developments. Clin. Pharmacol. Ther. 2008, 83, 761- 
769. 

67. Gomes-da-Silva, L.C.; Fonseca, N.A.; Moura, V.; Pedroso de Lima, M.C.; Simoes, S.; Moreira, 
J.N. Lipid-based nanoparticles for siRNA delivery in cancer therapy: paradigms and 
challenges. Acc. Chem. Res. 2012, 45, 1163-1171. 

68. Torchilin, V.P. Recent advances with liposomes as pharmaceutical carriers. Nat. Rev. Drug 
Discov. 2005, 4, 145-160. 

69. Adler-Moore, J.; Proffitt, R.T. AmBisome: liposomal formulation, structure, mechanism of 
action and pre-clinical experience. J. Antimicrob. Chemother. 2002, 49 Suppl 1, 21-30. 

70. Hoekstra, D.; Rejman, J.; Wasungu, L.; Shi, F.; Zuhorn, I. Gene delivery by cationic lipids: in 
and out of an endosome. Biochem. Soc. Trans. 2007, 35, 68-71. 

71. Jeong, J.H.; Park, T.G.; Kim, S.H. Self-assembled and nanostructured siRNA delivery systems. 
Pharm. Res. 2011, 28, 2072-2085. 

72. Uchida, E.; Mizuguchi, H.; Ishii-Watabe, A.; Hayakawa, T. Comparison of the efficiency and 
safety of non-viral vector-mediated gene transfer into a wide range of human cells. Biol. 
Pharm. Bull. 2002, 25, 891-897. 

73. Balazs, DA.; Godbey, W. Liposomes for use in gene delivery. J. Drug Deliv. 2011, 2077, 
326497. 

74. Schafer, J.; Hobel, S.; Bakowsky, U.; Aigner, A. Liposome-polyethylenimine complexes for 
enhanced DNA and siRNA delivery. Biomaterials 2010, 31, 6892-6900. 

75. Sakurai, Y.; Hatakeyama, H.; Sato, Y.; Akita, FL; Takayama, K; Kobayashi, S.; Futaki, S.; 
Harashima, H. Endosomal escape and the knockdown efficiency of liposomal-siRNA by the 
fusogenic peptide shGALA. Biomaterials 2011, 32, 5733-5742. 

76. Rossi, J.J. RNAi therapeutics: SNALPing siRNAs in vivo. Gene Ther. 2006, 13, 583-584. 

77. Frank-Kamenetsky, M.; Grefhorst, A.; Anderson, N.N.; Racie, T.S.; Bramlage, B.; Akinc, A.; 
Butler, D.; Charisse, K; Dorkin, R.; Fan, Y.; et al. Therapeutic RNAi targeting PCSK9 acutely 



Pharmaceuticals 2013, 6 



104 



lowers plasma cholesterol in rodents and LDL cholesterol in nonhuman primates. Proc. Natl. 
Acad. Sci. U. S. A. 2008, 105, 1 1915-1 1920. 

78. Landesman, Y.; Svrzikapa, N.; Cognetta, A., 3rd; Zhang, X.; Bettencourt, B.R.; Kuchimanchi, 
S.; Dufault, K.; Shaikh, S.; Gioia, M.; Akinc, A.; Hutabarat, R.; Meyers, R. In vivo 
quantification of formulated and chemically modified small interfering RNA by heating-in- 
Triton quantitative reverse transcription polymerase chain reaction (HIT qRT-PCR). Silence 
2010, 1, 16. 

79. Aleku, M.; Schulz, P.; Keil, O.; Santel, A.; Schaeper, U.; Dieckhoff, B.; Janke, O.; Endruschat, 
J.; Durieux, B.; Roder, N.; Loffler, K.; Lange, C; Fechtner, M.; Mopert, K.; Fisch, G.; Dames, 
S.; Arnold, W.; Jochims, K.; Giese, K.; Wiedenmann, B.; Scholz, A.; Kaufmann, J. Atu027, a 
liposomal small interfering RNA formulation targeting protein kinase N3, inhibits cancer 
progression. Cancer Res. 2008, 68, 9788-9798. 

80. Strumberg, D.; Schultheis, B.; Traugott, U.; Vank, C; Santel, A.; Keil, O.; Giese, K.; 
Kaufmann, J.; Drevs, J. Phase I clinical development of Atu027, a siRNA formulation targeting 
PKN3 in patients with advanced solid tumors. Int. J. Clin. Pharmacol. Ther. 2012, 50, 76-78. 

81. Boas, U.; Heegaard, P.M. Dendrimers in drug research. Chem. Soc. Rev. 2004, 33, 43-63. 

82. Majoros, I. J.; Williams, C.R.; Becker, A.; Baker, J.R., Jr. Methotrexate delivery via folate 
targeted dendrimer-based nanotherapeutic platform. Wiley Interdiscip. Rev. Nanomed. 
Nanobiotechnol. 2009, 1 , 502-5 10. 

83. Singha, K; Namgung, R.; Kim, W.J. Polymers in Small-Interfering RNA Delivery. 
Oligonucleotides 2011. 

84. Winkler, J. Nanomedicines based on recombinant fusion proteins for targeting therapeutic 
siRNA oligonucleotides. Ther. Deliv. 2011, 2, 891-905. 

85. Perez-Martinez, F.C.; Ocana, A.V.; Perez-Carrion, M.D.; Cena, V. Dendrimers as vectors for 
genetic material delivery to the nervous system. Curr. Med. Chem. 2012, 19, 5101-5108. 

86. Kaneshiro, T.L.; Lu, Z.R. Targeted intracellular codelivery of chemotherapeutics and nucleic 
acid with a well-defined dendrimer-based nanoglobular carrier. Biomaterials 2009, 30, 5660- 
5666. 

87. Shen, X.C.; Zhou, J.; Liu, X.; Wu, J.; Qu, F.; Zhang, Z.L.; Pang, D.W.; Quelever, G.; Zhang, 
C.C.; Peng, L. Importance of size-to-charge ratio in construction of stable and uniform 
nanoscale RNA/dendrimer complexes. Org. Biomol. Chem. 2007, 5, 3674-3681. 

88. Zhou, J.; Neff, CP.; Liu, X.; Zhang, J.; Li, H.; Smith, D.D.; Swiderski, P.; Aboellail, T.; 
Huang, Y.; Du, Q.; Liang, Z.; Peng, L.; Akkina, R.; Rossi, J.J. Systemic Administration of 
Combinatorial dsiRNAs via Nanoparticles Efficiently Suppresses HIV-1 Infection in 
Humanized Mice. Mol. Ther. 2011, 2228-2238. 

89. Agrawal, A.; Min, D.H.; Singh, N.; Zhu, H.; Birjiniuk, A.; von Maltzahn, G.; Harris, T.J.; 
Xing, D.; Woolfenden, S.D.; Sharp, PA.; Charest, A.; Bhatia, S. Functional delivery of siRNA 
in mice using dendriworms. ACS Nano 2009, 3, 2495-2504. 

90. Kim, S.H.; Jeong, J.H.; Lee, S.H.; Kim, S.W.; Park, T.G. LHRH receptor-mediated delivery of 
siRNA using polyelectrolyte complex micelles self-assembled from siRNA-PEG-LHRH 
conjugate and PEL Bioconjug. Chem. 2008, 19, 2156-2162. 

91. Yuan, Q.; Lee, E.; Yeudall, W.A.; Yang, H. Dendrimer-triglycine-EGF nanoparticles for tumor 
imaging and targeted nucleic acid and drug delivery. Oral Oncol. 2010, 46, 698-704. 

92. Pun, S.H.; Bellocq, N.C.; Liu, A.; Jensen, G.; Machemer, T.; Quijano, E.; Schluep, T.; Wen, S.; 
Engler, H.; Heidel, J.; Davis, M.E. Cyclodextrin-modified polyethylenimine polymers for gene 
delivery. Bioconjug. Chem. 2004, 15, 831-840. 

93. Davis, M.E.; Brewster, M.E. Cyclodextrin-based pharmaceutics: past, present and future. Nat. 
Rev. Drug Discov. 2004, 3, 1023-1035. 

94. Davis, M.E. Design and development of IT-101, a cyclodextrin-containing polymer conjugate 
of camptothecin. Adv. Drug Deliv. Rev. 2009, 61, 1189-1192. 



Pharmaceuticals 2013, 6 



105 



95. Alabi, C; Vegas, A.; Anderson, D. Attacking the genome: emerging siRNA nanocarriers from 
concept to clinic. Curr. Opin. Pharmacol. 2012, 72, 427-433. 

96. Kang, J.H.; Tachibana, Y.; Kamata, W.; Mahara, A.; Harada-Shiba, M.; Yamaoka, T. Liver- 
targeted siRNA delivery by polyethylenimine (PEI)-pullulan carrier. Bioorg. Med. Chem. 2010, 
75,3946-3950. 

97. Hobel, S.; Koburger, I.; John, M.; Czubayko, F.; Hadwiger, P.; Vornlocher, H.P.; Aigner, A. 
Polyethylenimine/small interfering RNA-mediated knockdown of vascular endothelial growth 
factor in vivo exerts anti-tumor effects synergistically with Bevacizumab. /. Gene Med. 2010, 
72,287-300. 

98. Schiffelers, R.M.; Ansari, A.; Xu, J.; Zhou, Q.; Tang, Q.; Storm, G.; Molema, G.; Lu, P.Y.; 
Scaria, P.V.; Woodle, M.C. Cancer siRNA therapy by tumor selective delivery with ligand- 
targeted sterically stabilized nanoparticle. Nucleic Acids Res. 2004, 32, el49. 

99. Biswal, B.K.; Debata, N.B.; Verma, R.S. Development of a targeted siRNA delivery system 
using FOL-PEG-PEI conjugate. Mol. Biol. Rep. 2010, 37, 2919-2926. 

100. Nie, C; Liu, C; Chen, G.; Dai, J.; Li, H.; Shuai, X. Hepatocyte-targeted psiRNA delivery 
mediated by galactosylated poly(ethylene glycol)-graft-polyethylenimine in vitro. J. Biomater. 
Appl. 2011, 26,255-275. " 

101. Moghimi, S.M.; Symonds, P.; Murray, J.C.; Hunter, A.C.; Debska, G.; Szewczyk, A. A two- 
stage poly(ethylenimine)-mediated cytotoxicity: implications for gene transfer/therapy. Mol. 
Ther. 2005,77,990-995. 

102. Li, X.; Chen, Y.; Wang, M.; Ma, Y.; Xia, W.; Gu, H. A mesoporous silica nanoparticle - PEI - 
Fusogenic peptide system for siRNA delivery in cancer therapy. Biomaterials 2013, 34, 
1391-1401. 

103. Horn, C; Lu, J.; Liong, M.; Luo, FL; Li, Z.; Zink, J.I.; Tamanoi, F. Mesoporous silica 
nanoparticles facilitate delivery of siRNA to shutdown signaling pathways in mammalian cells. 
Small 2010, 6, 1185-1190. 

104. Breccia, M.; Lo-Coco, F. Gemtuzumab ozogamicin for the treatment of acute promyelocytic 
leukemia: mechanisms of action and resistance, safety and efficacy. Expert Opin. Biol. Ther. 
2011,77,225-234. 

105. Yao, Y.D.; Sun, T.M.; Huang, S.Y.; Dou, S.; Lin, L.; Chen, J.N.; Ruan, J.B.; Mao, C.Q.; Yu, 
F.Y.; Zeng, M.S.; Zang, J.Y.; Liu, Q.; Su, FX.; Zhang, P.; Lieberman, J.; Wang, J.; Song, E. 
Targeted Delivery of PLK1 -siRNA by ScFv Suppresses Her2+ Breast Cancer Growth and 
Metastasis. Sci. Transl. Med. 2012, 4, 130ral48. 

106. Song, E.; Zhu, P.; Lee, S.K.; Chowdhury, D.; Kussman, S.; Dykxhoorn, D.M.; Feng, Y.; 
Palliser, D.; Weiner, D.B.; Shankar, P.; Marasco, W.A.; Lieberman, J. Antibody mediated in 
vivo delivery of small interfering RNAs via cell-surface receptors. Nat. Biotechnol. 2005, 23, 
709-717. 

107. Kim, S.S.; Subramanya, S.; Peer, D.; Shimaoka, M.; Shankar, P. Antibody-mediated delivery 
of siRNAs for anti-HIV therapy. Methods Mol. Biol. 2011, 727, 339-353. 

108. Kumar, P.; Ban, H.S.; Kim, S.S.; Wu, H.; Pearson, T.; Greiner, D.L.; Laouar, A.; Yao, J.; 
Haridas, V.; Habiro, K; Yang, Y.G.; Jeong, J.H.; Lee, K.Y.; Kim, Y.H.; Kim, S.W.; Peipp, M.; 
Fey, G.H.; Manjunath, N.; Shultz, L.D.; Lee, S.K; Shankar, P. T cell-specific siRNA delivery 
suppresses HIV-1 infection in humanized mice. Cell 2008, 134, 577-586. 

109. Gump, J.M.; Dowdy, S.F. TAT transduction: the molecular mechanism and therapeutic 
prospects. Trends Mol. Med. 2007, 13, 443-448. 

110. Lundberg, P.; El-Andaloussi, S.; Sutlu, T.; Johansson, H.; Langel, U. Delivery of short 
interfering RNA using endosomo lytic cell-penetrating peptides. FASEB J. 2007, 27, 
2664-2671. 

111. Sugahara, K.N.; Teesalu, T.; Karmali, P.P.; Kotamraju, V.R.; Agemy, L.; Girard, O.M.; 
Hanahan, D.; Mattrey, R.F.; Ruoslahti, E. Tissue-penetrating delivery of compounds and 
nanoparticles into tumors. Cancer Cell 2009, 16, 510-520. 



Pharmaceuticals 2013, 6 



106 



112. Feron, O. Tumor-penetrating peptides: a shift from magic bullets to magic guns. Sci. Transl. 
Med. 2010, 2, 34ps26. 

113. Dupont, E.; Prochiantz, A.; Joliot, A. Penetratin story: an overview. Methods Mol. Biol. 2011, 
683, 21-29. 

114. Berry, C.C. Intracellular delivery of nanoparticles via the HIV-1 tat peptide. Nanomedicine 
(Lond.) 2008, 3, 357-365. 

115. Endoh, T.; Ohtsuki, T. Cellular siRNA delivery using cell-penetrating peptides modified for 
endosomal escape. Adv. Drug Deliv. Rev. 2009, 61, 704-709. 

116. Xiong, X.B.; Lavasanifar, A. Traceable multifunctional micellar nanocarriers for cancer- 
targeted co-delivery of MDR-1 siRNA and doxorubicin. ACS Nano 2011, 5, 5202-5213. 

117. Leng, Q.; Scaria, P.; Zhu, J.; Ambulos, N.; Campbell, P.; Mixson, A.J. Highly branched HK 
peptides are effective carriers of siRNA. J. Gene Med. 2005, 7, 977-986. 

118. Zhou, J.; Rossi, J.J. Aptamer-targeted cell-specific RNA interference. Silence 2010, 1, 4. 

119. Tuerk, C; MacDougal, S.; Gold, L. RNA pseudoknots that inhibit human immunodeficiency 
virus type 1 reverse transcriptase. Proc. Natl. Acad. Sci. USA 1992, 89, 6988-6992. 

120. Famulok, M.; Mayer, G. Aptamers as tools in molecular biology and immunology. Curr. Top 
Microbiol. Immunol. 1999, 243, 123-136. 

121. Dassie, J.P.; Liu, X.Y.; Thomas, G.S.; Whitaker, R.M.; Thiel, K.W.; Stockdale, K.R.; 
Meyerholz, D.K.; McCaffrey, A.P.; McNamara, J.O., 2nd; Giangrande, P.H. Systemic 
administration of optimized aptamer-siRNA chimeras promotes regression of PSMA- 
expressing tumors. Nat. Biotechnol. 2009, 27, 839-849. 

122. Zhou, J.; Li, H.; Li, S.; Zaia, J.; Rossi, J.J. Novel dual inhibitory function aptamer-siRNA 
delivery system for HIV-1 therapy. Mol. Ther. 2008, 16, 1481-1489. 

123. Zhou, J.; Swiderski, P.; Li, H.; Zhang, J.; Neff, CP.; Akkina, R.; Rossi, J.J. Selection, 
characterization and application of new RNA HIV gp 120 aptamers for facile delivery of Dicer 
substrate siRNAs into HIV infected cells. Nucleic Acids Res. 2009, 37, 3094-3109. 

124. Thiel, K.W.; Hernandez, L.I.; Dassie, J.P.; Thiel, W.H.; Liu, X.; Stockdale, K.R.; Rothman, 
A.M.; Hernandez, F.J.; McNamara, J.O., 2nd; Giangrande, P.H. Delivery of chemo-sensitizing 
siRNAs to HER2+-breast cancer cells using RNA aptamers. Nucleic Acids Res. 2012, 40, 
6319-6337. 

125. McNamara, J.O., 2nd; Andrechek, E.R.; Wang, Y.; Viles, K.D.; Rempel, R.E.; Gilboa, E.; 
Sullenger, B.A.; Giangrande, P.H. Cell type-specific delivery of siRNAs with aptamer-siRNA 
chimeras. Nat. Biotechnol. 2006, 24, 1005-1015. 

126. Zhao, N; Bagaria, H.G.; Wong, M.S.; Zu, Y. A nanocomplex that is both tumor cell-selective 
and cancer gene-specific for anaplastic large cell lymphoma. J. Nanobiotechnology 2011, 9, 2. 

127. Kim, E.; Jung, Y.; Choi, H.; Yang, J.; Suh, J.S.; Huh, Y.M.; Kim, K; Haam, S. Prostate cancer 
cell death produced by the co-delivery of Bcl-xL shRNA and doxorubicin using an aptamer- 
conjugated polyplex. Biomaterials 2010, 31, 4592-4599. 

128. Bagalkot, V.; Gao, X. siRNA-aptamer chimeras on nanoparticles: preserving targeting 
functionality for effective gene silencing. ACS Nano 2011, 5, 8131-8139. 

129. Ye, X.; Hemida, M.; Zhang, H.M.; Hanson, P.; Ye, Q.; Yang, D. Current advances in Phi29 
pRNA biology and its application in drug delivery. Wiley Interdiscip. Rev. RNA 2012. 

130. Guo, P. The emerging field of RNA nanotechnology. Nat. Nanotechnol. 2010, 5, 833-842. 

131. Tarapore, P.; Shu, Y.; Guo, P.; Ho, S.M. Application of phi29 motor pRNA for targeted 
therapeutic delivery of siRNA silencing metallothionein-IIA and survivin in ovarian cancers. 
Mol. Ther. 2011, 19, 386-394. 

132. Liu, J.; Guo, S.; Cinier, M.; Shlyakhtenko, L.S.; Shu, Y.; Chen, C; Shen, G.; Guo, P. 
Fabrication of stable and RNase-resistant RNA nanoparticles active in gearing the nanomotors 
for viral DNA packaging. ACS Nano 2011, 5, 237-246. 



Pharmaceuticals 2013, 6 



107 



133. Zhou, J.; Shu, Y.; Guo, P.; Smith, D.D.; Rossi, J.J. Dual functional RNA nanoparticles 
containing phi29 motor pRNA and anti-gpl20 ap tamer for cell-type specific delivery and HIV- 
1 inhibition. Methods 2011, 54, 284-294. 

134. Shu, D.; Shu, Y.; Haque, F.; Abdelmawla, S.; Guo, P. Thermodynamic ally stable RNA three- 
way junction for constructing multifunctional nanoparticles for delivery of therapeutics. Nat. 
Nanotechnol. 2011, 6, 658-667. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



